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, INTRODUCTION  _  _ 

; One~of  the  concernb  in  helicopter  design  is  the  specification  of  accept- 
| able  vibration  levels,  mainly  for  the  purpose  of  providing  a  reasonable 
; work  environment  for  the  crew.  In  the  multi  frequency ,  multi-axis  vlbra- 
j tion  environment  of  the  helicopter,  the  determination  of  what  is 
i "acceptable"  can  be  difficult.  The  accepted  practice  for  many  years  has 
j  been  the  measurement  and  specification  of  vibration  levels  in  terms  of 
: acceleration.  This  method  is  thoroughly  documented  in  ISO  2631,  "Guide 
| for  the  Evaluation  of  Human  Exposure  to  Whole-Body  Vibration,"  (l) 

: established  by  the  International  Organization  for  Standardization.  This 
has  come  to  be  the  standard  reference  for  evaluation  of  vibrations. 

Even  this  thorough  treatment  has  its  limitations  when  applied  to  heli¬ 
copters,  as  expressed  by  Kidd  in  a  recent  paper  surveying  the  methods 
available  for  assessment  of  helicopter  vibration  (2). 

J In  an  effort  to  provide  a  more  comprehensive  method  of  evaluating  heli¬ 
copter  ride  quality,  a  preliminary  investigation  was  conducted  into  the 
use  for  helicopter  ride  quality  assessment  of  a  ride  quality  assessment 
method  developed  for  ground  v  ’hides  by  the  US  Army  Tank  Automotive 
Command  (TACOM)  (3).  This  concept  uses  the  amount  of  energy  absorbed  by 
the  human  body  when  subjected  to  vehicle  vibrations  as  a  measure  of  ride 
quality.  Vibration  measurements  were  taken  on  five  US  Army  helicopters, 
and  these  vibration  data  were  converted  to  absorbed  power.  This  paper 
! presents  initial  results  of  the  investigation  underway  and  describes 
j plans  for  future  research. 

| ABSORBED  POWER 

| 

I  TACOM  researchers,  working  from  extensive  ride  simulator  tests,  first 
postulated  that  the  perceived  severity  of  a  vibration  is  proportional  to 
; the  rate  at  which  the  human  body  is  absorbing  energy.  This  energy 
absorption, -referred  to. as. absorbed  power., .is_mathematically_definedL asi. 
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-►  resulting  transfer  functions  may  be  foundjin  Jjj- ) .  The  product  of  this _ 

! extensive  research  is  a  model  of  vibration  severity  that  correlates  well 
iwith  subjective  response  (5). 

■  Two  points  should  be  noted  about  absorbed  power.  First,  it  is  a 
: measurable  scalar  quantity,  and  absorbed  power  in  different  axes  may  be 
j  added  to  produce  total  absorbed  power  from  multidegree  of  freedom  vibra¬ 
tions.  Secondly ; "it  can  bdUfeasu f e d nsr" cai c uTa t e cT  ror  per iodic  or 
'random  vibrations.  An  example  of  these  two  points  will  be  shown  later. 

; Another  interesting  facet  of— absorbed-power-  may  be  illustrated  by  con¬ 
version  of  the  ISO  data  into-absorbed-power-p  as  shown  in  Figure  1. 
jThis  is  the  ISO  8-hour  fatigue/decreaaed-proftciency  boundary  for  vibra¬ 
tion  in  the  vertical  direction.  A  large  peak  of  absorbed  power  appears 
at  4-5  Hz.  This  large  rise  in  absorbed  power  at  an  essentially  constant 
i  accelerationis- generally-attributed-  to~a  re3onating-eonditiotv-of— t4 
i-organs- in  the -upper-abdomen-j- with- the-diaphragm  acting  as  a  spring  (6) 

'A  second,  smaller  peak  appears  around  12  Hz.  This  is  believed  to  be 
j caused  by  a  resonating  condition  in  the  spinal  column  (6).  These 
'absorbed  power  peaks  are  due  to  the  influence  of  the  vertical  body 
'.transfer  function. 
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Fig.  1  -  ISO  2631  8-hour  fatigue/decreased  proficiency  boundary 
converted  to  absorbed  power 
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’  More  to  the  point ,  it  should  be  noted  that  these  two~frequency  bands  are 
primary  regions  of  rotor-induced  vibration  for  many  helicopter  designs, 
as  can  be  seen  in  Table  1 .  Rotor-induced  vibrations  occur  at  the  rota¬ 
tional  speed  of  the  main  rotor  (1  per  revolution,  or  IP),  at  the  blade 
passage  frequency  (2P  for  a  two-bladed  rotor,  3P  for  a  three-bladed 
.rotor,  etc.)  and  at  the  harmonics  of  the  blade  passage  frequency. 

Table  1 .  Significant "frequencies  for  vibration  considerations 
!  on  helicopters  tested 


AIRCRAFT 


CH-47C 


3UENCY—  Hz 

I,p r 


11.8* 


UH-1H 

5.4 

10.8* 

- 

21 .6 

43.2 

AH- IS 

5.4 

10.8* 

- 

21 .6 

43.2 

OH-58C 

5.9 

11.8* 

_ 

23.6 

47.2 

! "Blade  passage  frequency 
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[ MEASUREMENTS 

The  test  aircraft  chosen  for  this  Investigation  were  representative  of 
leach  helicopter  type  presently  in  use  by  the  active  US  Army.  Included 
'.were  a  Bell  UH-1H  Iroquois,  a  Bell  0H-5BC  Kiowa,  a  Bell  AH-1S  modernized 
ITOW  Cobra,  a  Boeing  Vertol  CH-47C  Chinook,  and  a  Sikorsky  UH-60A 
jBlackhawk.  Aircraft  and  flight  crews  were  provided  by  the  Aviation 
(Maintenance  Management  Training  Division  of  the  US  Army  Transportation 
] School,  Fort  Eustis,  Virginia.  These  aircraft  are  shown  in  Figure  2. 
jit  should  be  pointed  out  that  these  were  operational  fleet  aircraft,  and 
only  one  example  of  each  type,  in  one  configuration,  was  flown  for 
measurements.  Therefore,  the  data  shown  should  not  be  taken  as  a 
thorough  vibration  survey  of  anv  of  the  aircraft  types. 

i 

(Two  sets  of  instrumentation  were  carried  on  board  each  test  flight.  The 
i first  consisted  of  a  triaxial  accelerometer  package  linked  to  a  seven 
j channel  analog  tape  recorder  for  recording  vibration  levels.  The  second 
| set  consisted  of  an  acoustical  tape  recorder  and  two  microphones  for 
( recording  aircraft  internal  noise.  All  instrumentation  was  provided  by 
■ NASA-Langley  Research  Center. 
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The  accelerometer  package  was  placed  as  close  as jiossible  to_the base  of_ 
the  aircraft  pilot’s  seat.  The  acoustical  microphones  were  placed  near 
the  pilot '3  and  copilot's  heads.  Vibration  and  sound  recording o  were 
then  taken  for  a  period  of  roughly  30  seconds  at  each  of  the  following 
conditions:  hover  in  ground  effect  (IGE),  hover  out  of  ground  effect 
; (OGE) ,  rearward  flight,  left  and  right  sideward  flight,  standard  climb 
.at  cruise  velocity,  and  forward  flight  at  speeds  from  10  knots  to  maxi¬ 
mum  level  flight  speed. 

It  was  originally  intended  that _ab sorbed _pqwer  measurements  would  be 
;made  directly  from  the _vibration  recordings,  using  an  instrument  devel¬ 
oped  by  TACOM  for  that  purpose  (6~).  However,  during  the  data  reduction 
process  it  was  discovered  that  the  instrument  electronics  were  optimized 
' for  the  vibration  levels  and  frequencies  characteristic  of  ground 

. vehicles, and,  as  a  result,  the  Instrument  proved  inaccurate  for _ 

absorbed  power  measurements  on  helicopter  vibration.  Therefore,  the 
absorbed^power  measurements  were  obtained  from  the  recorded  vibrations 
using  a  computer  implementation  of  the  absorbed  power  equations. 

RESULTS  AND  DISCUSSION 

I 

j The  vertical  acceleration  levels  measured  on  test  aircraft  are  shown  as 
a  function  of  forward  flight  speed  in  Figure  3a  and  3b.  The  data  shown 
'are  peak  amplitude  at  blade  passage  frequency,  which  is  shown  in 
: Table  1.  This  is  normally  the  highest  vibration  level  in  the  helicopter 
: spectrum.  In  the  case  of  the  CH-47C,  the  blade  passage  frequency  (3P) 
land  its  second  harmonic  (6P)  are  shown  to  display  the  dominance  of  the 
| second  harmonic  in  this  particular  type. 

i 

! These  data  are  shown  to  indicate  the  general  trend  of  vibration  with 
airspeed,  which  came  out  as  expected.  It  also  shows  the  wide  variation 
of  vibration  level  between  aircraft  types.  Once  again,  it  should  be 
remembered  that  these  data  are  for  a  particular  aircraft  on  a  particular 
iday,  to  determine  general  trends,  and  data  on  a  particular  aircraft 
| should  not  necessarily  be  taken  as  representative  in  a  statistical  sense 
| of  the  type. 
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|  Fig.  3(a)  &  (b)  -  Variation  of  vertical  vibration  with  airspeed 

I 

I  The  evolution  of  a  particular  absorbed  power  data  point  is  shown  in 
| Figures  4-6.  It  begins  with  a  Fourier  transform  of  the  raw  acceleration 
'data,  a  portion  of  which  is  shown  in  Figure  4.  This  is  the  vertical 
jacceleration  data  recorded  on  an  AH- IS  in  forward  flight  at  135  knots. 
|Only  the  portion  from  0-40  Hz  is  shown  but,  as  will  be  shown,  this  is 
Ithe  most  Important  area.  Figure  5  is  a  vibration  spectral  density  plot, 
which  pinpoints  the  major  vibratory  frequencies  and  vibration  levels. 
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Thejclearly  dominant^  vjbration, at  10.5  Hz,  is  the  main~rotor  blade_  _ _ j 

passage  frequency  (2P) .  It  is  interesting  to  compare  Figure  5  with  the 
absorbed  power  density  graph  of  Figure  6.  Figure  6  is  created  by 
multiplying  Figure  5  by  the  vertical  transfer  function.  Here  the  effect  j 
of  the  body  transfer  function  can  be  fully  appreciated.  The  low  vibra-  j 
tion  level  at  5.4  Hz  (IP)  becomes  a  major  producer  of  absorbed  power,  j 
i while  the  higher  vibration  levels  at  1  Hz  and  at  20  H2  become  relatively  j 
less  important.  Also,  any  vibration  above  30  Hz  becomes  almost  negli-  i 
gible  when  expressed  as  absorbed  power.  This  graph  is  then  integrated 
to  produce  an  absorbed  power  number,  which  in  this  case  is  .624.  By 
: this  method  both  periodic  and  random  vibration  at  all  frequencies  are 
.taken  into  account,  properly  weighted  and  quantified  by  a  single  ride 
j  quality  (absorbed  power)  number.' 


i 


i  Fig.  4  -  Vertical  acceleration  levels  vs  frequency,  AH-1S,  135  knots 
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Power  spectral  density,  vertical  axis,  AH-1S,  135  knots 
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Fig.  6  -  Absorbed  power  density,  vertical  axis,  AH-1S,  135  knots 


i The  collected  absorbed  power  data  is  shown  versus  airspeed  in 
'Figures  7-9  for  vertical,  fore-aft  and  3ide-to-side  axes,  and  in 
j Figure  10  the  three  axes  are  summed  to  produce  total  absorbed  power 
! versus  airspeed.  The  points  shown  for  0  airspeed  are  hover  IGE.  It  can 
!  be  seen  that  the  side-to-side  and  fore-aft  absorbed  power  levels  are 
; generally  lower  than  the  absorbed  power  levels  from  vertical  vibrations. 
jThis  can  be  attributed  to  the  fact  that  measured  vibration  levels  in 
!  these  directions  are  generally  lower,  and  to  the  transfer  functions, 
j  which  show  less  body  vibration  response  in  the  fore-aft  and  side-to-side 
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Fig.  9  -  Absorbed  power  from  side-to-side  acceleration  vs  airspeed 
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Fig.  10  -  Total  absorbed  power  vs  airspeed 

i 

iaxes.  There  is  an  exception  to  the  dominance  of  the  vertical,  however, 
|and  it  illustrates  a  further  strength  of  the  absorbed  power  concept. 

!  Figures  11  and  12  show  the  relative  contributions  to  absorbed  power  of 
i  vibration  in  the  three  axes  for  two  of  the  aircraft  tested.  In  the  case 
I  of  the  UH-60A  the  fore-aft  and  side-to-side  are  relatively  minor,  and 
!  the  fore-aft  is  essentially  constant  with  airspeed.  For  the  AH- IS  the 
i  fore-aft  contribution  is  larger  than  for  the  UH-60A  and  fluctuates  with 
(airspeed,  and  the  side-to-side  component  contributes  a  much  larger  per¬ 
centage  of  total  absorbed  power  than  in  the  case  of  the  UH-60A.  This 
can  be  explained  by  an  examination  of  the  designs  of  the  two  rotor 
|  systems.  The  UH-60A  uses  a  fully  articulated  rotor,  with  lead-lag  and 
flapping  hinges  and  a  pitch  bearing  on  each  blade,  while  the  AH- IS  has 
| only  a  pitch  bearing.  Without  lead-lag  and  flapping  hinges  to  alleviate 
in-plane  rotor  induced  vibrations,  this  vibration  is  transferred  to  the 
aircraft.  Thorough  study  of  all  the  absorbed  power  data  showed  this 
difference  in  relative  contributions  to  absorbed  power  of  the  three  axes 
due  to  rotor  system  design  to  be  the  trend.  This  ability  of  the 
absorbed  power  concept  to  properly  weigh  and  integrate  the  various  axes 
of  vibration  in  this  manner  is  vjewed  as  another  strength  of  the 
concept. 
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Relative  contributions  of  absorbed  power  in 
three  axes  vs  airspeed  -  AH-1S 
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SUBJECTIVE  RESPONSE  EXPERIMENTS' 


Currently  underway  is  a  program  to  correlate  the  collected  absorbed 
power  data  with  subjective  response  data,  to  aid  in  determining  the 
validity  of  the  absorbed  power  model  for  rotorcraft.  The  apparatus  used 
;  to  conduct  these  experiments  is  the  Passenger  Ride  Quality  Apparatus 
(PRQA)  at  NASA-Langley  Research  Center  (Figure  13)_.  The  PRQA  is  a 
three-axis  hydraulically  driven  motion  simulator  configured  as  a  portion 
of  an  airliner  cabin.  A  thorough  description  of  the  PRQA  is  given  in 
( 7 )  •  The  PRQA  is  equipped  with  four  aij?line-type  seats  and  speakers  for 
repeating  recorded  aircraft  sounds.-  For  the  purpose  of  this  experiment, 
the  recorded  noise  and  vibration  data  for  hover  IGE  and  forward  flight 
■at.  normal  cruise  velocity  in  each~b’f_the~five  Army  aircraft  are  used. 
Noise  levels  are  lowered  using  attenuation  levels  for  the  standard  SPH-4 
Army  flight  helmet  (8).  To  produce  various  combinations  of  noise  and 
vibration  levels, “noise  levels'are  playe’d_with  SPH-4  helmet  attenuation, 
reduced  by  7  dB,  reduced  by"  14  dB,  and  eliminated  altogether.  Vibration 


levels  are  played  as  recorded,  reduced  by  3  dB,  and  by  9  dB.  All  dif¬ 
ferent  combinations  of  noise  and  vibration  levels  are  run  for  each  of 
the  ten  ride  segments,  producing  120  data  points. 


Fig.  13  -  NASA  Passenger  Ride  Quality  Apparatus  (PRQA 
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The  purpose  "of  varying  noise 'levels  is  to  provide  subjective  re s  p  on  s  e _ 

data  for’ comparison  with  the  NASA-Langley  Ride  Comfort  Model.  Thi3  is 
an  empirical  model  which  determines  ride  quality  as  a  function  of  vibra¬ 
tion  and  noise  levels.  In  concert  with  the  evaluation  of  absorbed  power 
described  in  this  paper,  NASA-Langley  researchers  are  studying  the 
applicability  of  the  NASA  Ride  Comfort  Model  to  rotary  wing  aircraft. 

The  results  of  this  effort  up  to  this  time  are  covered  in  (9).  For  each 
of  the  120  data'points,  the- test  subjects,  Army  and  Navy  helicopter 
pilots,  rate  each  ride  segment  on  a  comfort  scale.  As  of  this  writing, 
too  little  data  has  been  produced  to  draw  any  conclusions. 


CONCLUDING  REMARKS 


The  absorbed  power  concept  offers  certain  advantages  over  pure  accelera- 

;  tion  for  helicopter  ride  quality  evaluation.  First,  it  takes  into _ 

i  account  multi- frequency"^ ’multi-ax i ai  v 1 br a t i on  across  a  broad  frequency 
range 7  Second ,'~It  provides ’^foper^eighting ^functions  for  all  fre¬ 


quencies  and  axes  according  to  body  response. 
I  to  random  as  well  as  periodic  accelerations. 


Third,  it  is  applicable 


A  larger  data  base  and  further  experimentation  is  required  for  full 
validation  of  absorbed  power  as  a  means  for  quanitfying  helicopter 
vibration  ride  quality.  Further  in-flight  data  will  be  collected  to 
expand  the  vibration/noise  environment  data  base,  repeating  measurements 
on  the  aircraft  mentioned  here,  and  add  further  aircraft.  Already 
underway  is  a  program  to  take  measurements  on  US  Navy  aircraft  types. 
Data  have  been  recorded  on  a  Sikorsky  RH-53D  and  a  Kaman  SH-2F.  The 
subjective  response  experiments  will  be  continued  for  correlation  and 
validation  of  the  absorbed  power  and  NASA  Ride  Comfort  Model. 
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